Electron transport, using succinate as a substrate, was measured polarographically in mitochondria isolated from Phaseolus vulgaris and P. acutffolius plants grown at 250C and 320C. Mitochondria isolated from P. vulgaris plants grown at 320C had reduced electron transport and were substantially uncoupled.
Growth at 320C had no effect on electron transport or oxidative phosphorylation in P. acutffollus compared to 250C grown plants. Mitochondria isolated from 250C grown P. vulgaris plants measured at 420C were completely uncoupled. Similarly treated P. acutffolius mitochondria remained coupled. The uncoupling of P. vulgaris was due to increased proton permeability of inner mitochondrial membrane. The altemative pathway was more sensitive to heat than the regular cytochrome pathway. At 420C, no alternative pathway activity was detected. The substantially greater heat tolerance of P. acutifolius compared to P. vulgaris mitochondrial electron transport suggests that mitochondrial sensitivity to elevated temperatures is a major limitation to growth of P. vulgaris at high temperatures and is an important characteristic conveying tolerance in P. acutffolius.
Phaseolus acutifolius is a potential donor of desirable traits (heat and drought tolerance, and disease resistance) to Phaseolus vulgaris through interspecific hybridization (22) . P. acutifolius is able to flourish in hot dry environments that usually kill or significantly reduce yield in P. vulgaris (7, 16, 22) . In previous experiments, growth at 32°C decreased total biomass in P. vulgaris but not in P. acutifolius. However, 32°C did not increase electrolyte leakage, or decrease photosynthetic electron transport in either species (13) . Therefore, based on these measurements, a long exposure of P. vulgaris to moderately high temperature causes structural or functional damage at the cellular or subcellular levels other than the chloroplast or plasmalemma.
Moderately high temperatures may destroy the integrity of inner mitochondrial membranes. For example, in mitochondria from cauliflower buds or fresh potato slices, succinate oxidation by the Cyt pathway disappeared after 60 min at 40°C, whereas in mitochondria from Arum, Sauromatum, or aged potato, only the alternative cyanide-resistant pathway was impaired under similar conditions (3, 4 (20) . All operations were carried out between 0 and 4°C. Harvested hypocotyls (about 50 g) were cut into sections and ground with a mortar and pestle for 5 min in 250 mL of grinding medium. The grinding medium (12, 17) contained 0.3 M D-mannitol, 25 mm Mops (3-[N-morpholino] propane sulfonic acid), 1 mM EGTA (ethyleneglycol-bis-(Qaminoethylether) N,N,N',N'-tetraacetic acid), 5 mM KCI, 0.1% (w/v) L-cysteine, and 0.1 % BSA (23) and was adjusted to pH 7.5. The pH of the homogenate was adjusted to 7.2 by dropwise addition of 5 N KOH after grinding.
After filtration through Miracloth three times, the homogenate was centrifuged for 10 min at 1500g. The resulting supernatant fraction was centrifuged for 20 min at 10,000g. The mitochondrial pellet was resuspended in 25 mL of a medium consisting of 0.3 M D-mannitol, 5 mM Mops, 1 mM EGTA, and 0.1 % BSA, adjusted to pH 7.3. This suspension was centrifuged at 15OOg for 10 min and the supernatant was recentrifuged at 6000g for 20 min (9) . The pellet was resuspended in 2 mL of reaction medium. The reaction medium for respiration measurements described below contained 0.3 M D-mannitol, 10 
Measurements of Mitochondrial Respiration
Oxygen uptake was measured polarographically using a Clark-type oxygen sensor fitted to a 1.6 mL glass reaction cell To determine if isolated mitochondria of these two species differed in heat sensitivity, mitochondria were exposed to 42°C for 5 min and then measured at 25C to monitor the recovery after heat treatment. Respiration was also measured at 25 or 42°C without pretreatment.
To test the integrity of inner mitochondrial membrane, an uncoupler, 1799 to a final concentration of 8 ,uM, separated oxidative phosphorylation from respiratory electron transport chain. The experiment had four replications for each experimental factor. Measurements were completely randomized within each replication.
RESULTS AND DISCUSSION High Growth Temperature Decreased Respiration in Phaseolus vulgaris
States 3 and 4 rates were higher at 42°C than rates at 25°C for both species grown at 25°C and for Phaseolus acutifolius grown at 32°C (Tables I and II) . Mitochondria from P. vulgaris grown at 32°C had similar respiratory rates measured at 25, 32, and 42°C (Table I) . Mitochondria of P. acutifolius always had higher state 3 rates than those ofP. vulgaris. Mitochondria from P. acutifolius grown at 32°C always had a higher ADP:O (Table II) .
Recovery was also evaluated by the ratio of state 3 rates of cycle 2 to rates of cycle 1 (S32/S31 ratio, Table II) . A high value (-1) for this ratio indicates the ability of oxidative phosphorylation to recover from heat treatment (18) . Mitochondria from P. vulgaris grown at 25°C had a significant (P < 0.05) decrease in S32/S31 ratio at 42°C (0.7). Mitochondria from P. acutifolius grown at 25 or 32°C and P. vulgaris grown at 32°C did not differ in S32/S3j ratio at 25 and 42C.
Temperature Effect on Altemative Pathway of Respiration
Alternative pathway capacity, estimated as the percent of state 3 rate after addition of KCN, decreased as temperature increased, and at 42°C virtually no alternative pathway capacity was detected (Table I) . Interestingly, the alternative pathway was not permanently damaged by the 42°C in vitro exposure. Alternative pathway capacity returned after the 42°C exposed mitochondria were returned to 25°C. High temperature appears to act as an analog valve closing as the temperature increases. This phenomena could be a very useful experimental tool for unraveling the mysteries of the alternative pathway. The use of mitochondria from P. acutifolius would be especially appropriate since they are not uncoupled by exposure to short periods of high temperature.
Although the role of the alternative pathway in most plants is unclear, the involvement in thermogenesis in aroids is well documented (1 1). Our results suggest that the capacity for electron flow through the alternative pathway may be under negative feedback control with temperature the feedback signal. Thermostatic control of alternative pathway activity in the aroids would be an appropriate test of this suggestion.
The physiological significance of reduced alternative pathway capacity during heat stress is unclear (15) . Lambers (10) has suggested the alternative pathway represents and "energy overflow" pathway which oxidizes carbohydrate when substrate is in excess of that needed for growth, storage, or to synthesize ATP. At supraoptimal temperatures a combination of damaged normal electron transport chain capacity and increased demand for energy would favor maximum shuttling of electrons through the normal pathway and minimal use of the alternative pathway.
Integrity of Inner Mitochondrial Membrane
Heat-induced mitochondrial uncoupling could have been caused by damage to the ATPase or to the inner mitochondrial membrane. An uncoupler allows protons to flow through the inner mitochondrial membrane into the matrix. If the rate of succinate oxidation is limited by the electrochemical gradient then the addition of 1799 will result in increased oxidation. The addition of 1799 stimulated respiratory rates in mitochondria isolated from P. acutifolius grown at 25 or 32C, or from P. vulgaris grown at 25°C (Fig. 1 ), but not in the mitochondria from P. vulgaris exposed to 42°C or from P. vulgaris grown at 32°C. The uncoupling in P. vulgaris mitochondria is probably due to heat-induced membrane leakage that dissipates the proton motive force needed for ATP synthesis.
The addition of DCCD, an inhibitor of mitochondrial ATPase (1, 8, 19) inhibited state 3 but not state 4 respiration. After heat treatment at 42°C for 5 min (Fig. la) (Fig. lb) .
Implications for Bean Breeding
If, as our results suggest, a critical component of heat tolerance in P. acutifolius is in the mitochondria, there are important implications for the breeding of beans. Mitochondrial proteins are coded in both the nucleus and mitochondria. Nuclear-encoded characters are bi-parentally inherited, whereas mitochondrial characters are primarily maternally inherited. Although we do not know the biochemical basis for the difference in mitochondrial heat tolerance, if it is maternally inherited, then P. acutifolius must be used as the female parent when generating interspecific hybrids. However, in most attempts to generate interspecific hybrids, P. vulgaris is used as the maternal parent because of increased fertility and greater success at embryo rescue (6) .
Alternatively, the heritability of heat tolerance could tell us if the critical characters are coded in the nucleus or in the mitochondria. Since the mitochondrial genome is relatively small, demonstrating maternally inherited heat tolerance of the mitochondria would provide important clues to the nature of the mitochondrial component that differs between P. acutifolius and P. vulgaris.
CONCLUSION
Plant growth at 32C in P. vulgaris was reduced, but there was no damage to the plasmalemma or photosynthesis (13 is an important component of heat tolerance in P. acutifolius. The results suggest that the thermostability of the inner mitochondrial membrane is potentially a primary site of injury and may determine the high temperature tolerance in plants.
